. Further, woody perennials comprise one-third of the 167 major crops for which FAO keeps statistics (including oil, fiber, latex, fruit, nut, and spice crops) (FAO, 2017) . Eleven of the 50 most produced crops by tonnage and 14 of the 50 with the highest production value are woody perennial crops ( Supplemental Table S1 ).
In the past few decades, there has been growing interest in targeted conservation of crop wild relatives (Hajjar and Hodgkin, 2007; Maxted and Kell, 2009; Ford-Lloyd et al., 2011; Maxted et al., 2012; Castañeda-Álvarez et al., 2016) . Although annual crops can be maintained as seeds, many woody tropical or subtropical species have recalcitrant seeds, which are intolerant to desiccation and freezing and therefore cannot be stored in traditional seed banks (Bonner, 1990; Tweddle et al., 2003; Li and Pritchard, 2009; Walters et al., 2013) . Most woody perennial species are obligately outcrossing, and under cultivation, these heterozygous individuals are clonally propagated, resulting in the maintenance of genetically identical individuals over long periods of time and broad geographic ranges (Miller and Gross, 2011) . Seed-based conservation efforts miss clonal lineages that form the foundation of woody perennial agriculture. Of the >5.3 million ex situ germplasm accessions identified by the FAO, 80.4% are maintained in medium-or long-term seed bank storage, whereas only 5.8% are maintained in living field collections; the remaining accessions include those that are cryopreserved or stored as DNA (Fig. 1) (FAO, 2019) .
Living collections are important germplasm repositories preserving woody perennials in orchards, plantations, and vineyards. These valuable resources serve as a living source of plant genetic variation and include current commercial cultivars, historic cultivars, breeding material, landraces, and wild relatives, all of which are essential for both improving our understanding of plant biology and future improvement via breeding. Despite their importance for breeding and science, living germplasm collections are expensive to establish and maintain, and as a result they are continually threatened by funding cuts.
In this piece, we review some of the many ways in which living germplasm collections are used for phenotypic description, genetic characterization, and plant breeding. We outline the importance of conserving these important resources and highlight the need for conservation strategies that are appropriately designed for woody perennial species.
OVERVIEW OF EX SITU COLLECTIONS OF WOODY PERENNIAL CROPS AND WILD RELATIVES
Around the world, extensive germplasm collections are maintained by governments, universities, botanical gardens, and even privately by individuals or industry.
The USDA-ARS National Plant Germplasm System is the largest distributor of plant genetic resources in the world, containing 595,451 accessions representing 15,970 species. However, the majority are annual species maintained as seeds, with ?25% of accessions belonging to the National Small Grains Collection alone (Byrne et al., 2018; GRIN-Global, 2019 (GRIN-Global, 2019) . Other major collections of perennial fruit crops include the National Fruit Collection in the United Kingdom, which contains >3500 accessions (http://www.nationalfruitcollection. org.uk/), 23,000 samples in the fruit collection at the N.I. Vavilov All-Russian Scientific Research Institute of Plant Industry (http://www.vir.nw.ru/unu-kollektsiya-vir/), and the International Centre for Research in Agroforestry (ICRAF) network (http://worldagroforestry.org/). The ICRAF network includes >11,000 accessions of 60 economically important tree and nut species in field genebanks in 44 countries across six geographic regions: Eastern and Southern Africa, Latin America, East and Central Asia, Southeast Asia, South Asia, and West and Central Africa. Each of these living germplasm collections are essential to the preservation, research, and breeding of woody perennial crops, but they are overshadowed by much larger seed bank collections for herbaceous species.
Similar to germplasm collections, botanical gardens and arboreta maintain living collections that serve as repositories for diverse plant material. Approximately one-third of known plant species (>120,000 species) are cultivated in botanical gardens around the world (Miller et al., 2015) . Although most botanical gardens began as collections of medicinal plants or horticultural displays, many have become world-class research institutions focused on conservation of global plant biodiversity (Cibrian-Jaramillo et al., 2013) . In 2000, Botanic Gardens Conservation International (BGCI) formed in response to a call to protect the earth's threatened plant diversity at the XVI International Botanical Congress (Wyse Jackson and diversity from around the world (Fig. 2) . In contrast with federal research stations, which are generally not open to the public, botanical gardens are a platform for educating visitors about the critical role of biodiversity with respect to global food security, and the importance of living collections in the preservation of perennial crop wild relatives. The BGCI estimates that 500 million people visit botanical gardens annually (https://www.bgci.org/ about/about-botanic-garden/), and thus these gardens function not only as a valuable resource for maintaining ex situ collections of woody perennial crops, but also for Kennedy, 2009). Many gardens build their horticultural displays and research collections with diversity preservation in mind (Miller et al., 2004) . For example, the goal of the National Tropical Botanical Garden Breadfruit Institute (https://ntbg.org/breadfruit) is to promote the conservation, study, and use of breadfruit (Artocarpus spp.), a staple crop of the tropics. The repository includes >150 indigenous varieties of breadfruit. Similarly, Fairchild Tropical Botanic Garden in Miami, FL (https://www. fairchildgarden.org/), maintains an exceptional collection of mango (Mangifera indica L.) that encompasses cultivar Fig. 1 . Woody perennials found in the top 100 crops, ranked from top to bottom based on total production value worldwide in 2017 (http://www.fao.org/faostat/), with the production rank indicated in parentheses. The total number of accessions for each genus (bar length) is listed based on the FAO World Information and Early Warning System on Plant Genetic Resources for Food and Agriculture (WIEWS) database (http://www.fao.org/wiews/). Green indicates accessions maintained in living collections; blue indicates the number of accessions maintained in other ways (e.g., seed or cryopreservation of shoot tips). The total number of unique germplasm collections with accessions of a given crop is shown at the right-hand end of each bar. When a genus includes multiple crops (e.g., peaches and nectarines, almonds, plums and sloes [blackthorns] , and apricots all belong to the genus Prunus), the total number of accessions is repeated for each crop. Mangoes, mangosteens, and guavas are all combined for FAOSTAT (indicated by an asterisk *). Other citrus includes tangerines, mandarins, clementines, and satsumas. Raw data and scientific names are available in Supplemental Table S1. continued outreach, education, and conservation efforts. Awareness of and accessibility to visit living collections is necessary for these valuable collections to be funded, used, and preserved, and botanical gardens serve an essential role in achieving these goals.
In addition to germplasm repositories and botanical gardens, there are many important private collections of woody perennial crops. For example, TerraVox Vineyards in Missouri grows 30 rare American heritage grape varieties across six acres, primarily those bred by the 19th century viticulturist Thomas Volney Munson (https:// www.voxvineyards.com/our-story). Although these types of collections exist in various locations across the globe, they are generally small, difficult to find, and may not be available for scientific research or represented in global databases. Although we recognize the potential role of small private collections in securing woody perennial crop diversity, throughout this review, we refer primarily to examples of germplasm located in larger collections such as gene banks and botanical gardens. Information on many of these collections is unified in online databases such as Genesys (www.genesys-pgr.org), BGCI's PlantSearch (https://www.bgci.org/plant_search.php), and FAO's World Information and Early Warning System on Plant Genetic Resources for Food and Agriculture (WIEWS) database (http://www.fao.org/wiews), which provide access to millions of accessions worldwide. Regardless of size, location, or ownership, living germplasm collections share an essential role in research, breeding, and conservation of woody perennial crops.
APPLICATIONS OF LIVING COLLECTIONS FOR UNDERSTANDING PLANT BIOLOGY
By maintaining diverse perennial plants in the same location across multiple years, germplasm collections offer an important opportunity to describe phenotypic and interannual variation in large numbers of accessions living under common conditions. For example, the USDA grapevine collection was used to assess interannual variation among species, finding that subtle changes in leaf shape venation and lobing reflect environmental variability . The USDA National Clonal Germplasm Repository for pecans and hickories (Carya spp.) maintains thousands of mature pecan trees and other representatives of the genus Carya, including a provenance collection. Researchers have used this collection to study vegetative traits (Wood et al., 1998) and how genetically distinct individuals respond to pests and pathogens such as pecan scab (caused by the fungus Fusicladium effusum G. Winter) (Bock et al., 2016) . Similarly, the USDA apple collection has been used to study beneficial phenolic compounds across diverse germplasm (Gutierrez et al., 2018a (Gutierrez et al., , 2018b . For some crops, morphological data are available online (https://npgsweb.ars-grin.gov/gringlobal/ descriptors.aspx); many other datasets are maintained offline by individual germplasm curators. their differences, they are actually valuable resources for studying plant developmental biology and gene function (Foster and Aranzana, 2018) . For example, by examining a French collection of grapevines, researchers identified six accessions with abnormal flowers that were found to be mutants of other cultivars and resulted in work on the genetic function of floral development, furthering understanding of fundamental plant biology (Chatelet et al., 2007) . Long-term maintenance of diverse living collections allows for occurrence, accumulation, and identification of spontaneous mutations.
Although genetic variation may lead to bud sports, epigenomic variation, such as covalent modification of DNA and histones, may also contribute to phenotypic variation (Gallusci et al., 2017) . For example, one study of 40 'Pinot noir' grapevine clones found that 37 could be discriminated based on patterns of methylation (Ocaña et al., 2013) . Germplasm collections that maintain a diversity of clones are well suited to further study of epigenomic variation. Even in cases where accessions are genetically identical, epigenetic changes may occur (Douhovnikoff and Dodd, 2015) . For example, clonal cuttings of black cottonwood (Populus trichocarpa Torr. & A. Gray ex Hook.) trees taken from different sites and planted in a common environment varied in growth. The plants also had differentially methylated DNA and differentially methylated microRNAs, indicating that site-specific epigenetic modifications may be partly responsible for adaption to certain environments, especially in clonally propagated plants (Schönberger et al., 2016) . Similarly, another study found clonal differences in response to drought for two of three genotypes of Populus, with the strongest variation observed in genotypes in which the longest time had passed since common propagation (Raj et al., 2011) . In contrast, another study that examined differential methylation of Norway spruce [Picea abies (L.) H. Karst.] clone pairs grown in two locations with distinct climates for 24 yr found no clear environmental pattern, indicating that further work is still needed (Heer et al., 2018) .
One additional consideration when examining epigenomic variation in woody perennials, which can live in a germplasm collection for several years if not decades, is that the long-term maintenance of a woody perennial plant may lead to epigenetic changes over time, similar to what occurs when plants are exposed to a novel stress or environment (Bräutigam et al., 2013) . In addition, the tissue from which a plant is propagated could lead to partial maintenance of organ-specific patterns of epigenomic modifications, resulting in phenotypic variation, as has been shown in Arabidopsis thaliana (L.) Heynh. (Wibowo et al., 2018) . Ultimately, given that propagating plants in a germplasm collection may alter the initial epigenome, further work is required to better understand epigenetic variation in perennial woody plants, and germplasm collections provide a valuable resource for this work.
Using germplasm collections to study phenotypic variation not only improves our understanding of basic plant biology but may be valuable for studying phenotypic plasticity in long-lived woody plants as they respond to changing climatic conditions. One mechanism for adapting agriculturally important species in response to climate change is the introgression of traits from crop wild relatives that are better suited to current growing conditions (Warschefsky et al., 2014) . Climate change may lead to an increased frequency of mild midwinters and springs, causing plants to deacclimate to the cold, and leaving them vulnerable to subsequent frost (Pagter and Arora, 2012) . It is essential to examine diverse germplasm to better understand variation in individual responses to changing conditions and to identify germplasm that can withstand climatic variations for use in breeding. Recent work examined bud dormancy and cold hardiness by monitoring V. vinifera from local vineyards and three wild Vitis species from the USDA grapevine collection for three dormant seasons (Kovaleski et al., 2018) . Another study tracked cold hardiness across 2 yr, making use of 43 Vitis riparia Michx. accessions collected across a broad geographic distribution but available as living plants in a single germplasm collection (Londo and Kovaleski, 2019) . Living germplasm collections are also a valuable tool for characterizing diversity in bloom time, as evidenced by work examining the USDA apple germplasm collection for variation in floral development among accessions of the domesticated apple, wild Malus, and hybrids (Gottschalk and van Nocker, 2013) . Thus, germplasm collections are a crucial resource for the study of important traits like cold hardiness and bloom time across multiple years and conditions. By centralizing diverse plants in a single location, germplasm collections allow for studies of phenotypic plasticity of both domesticated perennial species and their wild relatives, which enhances our knowledge of plant biology and can be leveraged for plant improvement in response to changing climates.
In addition to including variation across species, germplasm collections are a valuable resource for the study of somatic variation across clones. Somatic mutation generates new variation in perennial crops; thus, bud sports with phenotypic differences are often retained as potential new cultivars or germplasm. This practice is especially true for bud sport mutants of commercially successful cultivars that have desirable traits and have been propagated for decades, if not centuries. Indeed, many such mutants have developed into popular cultivars such as 'Pinot gris' and 'Pinot blanc', lighter-colored sports of the grapevine cultivar 'Pinot noir', which possesses 17 clones within the USDA grapevine germplasm collection (Myles et al., 2011; Foster and Aranzana, 2018) . While such accessions may appear to be genotypic duplicates, especially when a limited number of genetic markers is used to evaluate Lastly, germplasm collections offer excellent material for developing high-throughput (HT) phenotyping methods. For example, ColourQuant, an automated technique to extract and quantify color phenotypes from plant images, was developed partly for use on the Apple Biodiversity Collection (ABC) orchard in Kentville, NS, Canada, which consists of >1000 unique accessions of apple (http://www.cultivatingdiversity.org/) (Li et al., 2019a) . Similarly, one of the first uses of the persistent homology method for quantitatively measuring plant shape was HT phenotyping of the ABC orchard for leaf shape. These morphometric data were linked with genomic data for the most comprehensive study of leaf shape in apple thus far . A persistent homology based approach was also developed to phenotype wild Vitis inflorescences from the USDA grapevine collection, identifying architectural features of the inflorescence that were species and clade specific (Li et al., 2019b) . These are just a few examples of the extensive opportunity for HT phenotyping held within living collections. Ultimately, by performing HT phenotyping of traits across multiple years, germplasm collections will aid in the identification of accessions and wild relatives that possess characteristics beneficial to new growing conditions, as well as furthering our understanding of fundamental plant biology.
GENETIC CHARACTERIZATION OF LIVING GERMPLASM COLLECTIONS
By capturing broad-scale genetic and morphological diversity, germplasm collections facilitate characterization of intra-and interspecies variation. Living collections are usually the products of extensive and expensive sampling trips on multiple continents. When assessing diverse material in a germplasm collection, one of the first tasks is to characterize the genetic composition of accessions represented in the repository. In addition, newly collected unknown or wild material can be compared with accessions available in germplasm collections to facilitate identification. Historically, plant identification used morphological data; for example, ampelography is a field of botany that uses leaf shape, color, and pubescence, among other characteristics, to identify grapevines (Galet, 1979) . With the advent of molecular approaches, it became possible to use genetic information to identify material within a germplasm collection and compare that material with samples collected elsewhere.
Although the methods have changed over time, genomic tools have been invaluable for characterizing a wide variety of perennial fruit and nut germplasm collections, including apricot (Romero et al., 2003) , cashew (Anacardium occidentale L.) (Thimmappaiah et al., 2009 ), coffee (Coffea spp.) (Silvestrini et al., 2008) , grapevine (Lamboy and Alpha, 1998), mango (Kuhn et al., 2019) , pistachio , and kiwifruit (Zhen et al., 2004) . Within the last 10 yr, two approaches frequently used to genotype accessions in germplasm collections are simple sequence repeat (SSR) and single nucleotide polymorphism (SNP) markers. Both of these methods may have limited transferability from domesticated species to wild relatives when used to characterize novel and diverse material; SSRs may not amplify because of null alleles, and deriving SNPs from microarrays may result in ascertainment bias. One alternative method is SNP discovery via next-generation sequencing, such as genotyping-by-sequencing (Elshire et al., 2011) , which benefits from the simultaneous marker discovery and genotyping of SNPs, eliminating the ascertainment bias present when using microarrays. Similarly, a new amplicon sequencing method (AmpSeq) was recently described for improving transferability of genetic markers across populations for use in heterozygous crops such as grapevine and many other perennial species (Yang et al., 2016; Fresnedo-Ramírez et al., 2019) . Ultimately, genomic diversity in germplasm collections can be leverage for the development and validation of robust genetic markers that function successfully on diverse and unknown material.
Genotyping accessions in germplasm collections can also be used to verify pedigrees, which describe the ancestry of accessions as recorded by plant breeders and are essential to track a trait of interest across generations. Recorded pedigrees and the relationships among individuals derived from them are often incorrect. For example, one genetic study of 381 grapevine pedigrees found that approximately one-third were invalid (Lacombe et al., 2013) . Recent work examined apple cultivars available at the Pometum (University of Copenhagen, Denmark), which is part of the Nordic Gene Bank, and the UK National Fruit collection, and resulted in the proposal of new pedigrees (Larsen et al., 2017 (Larsen et al., , 2018 Ordidge et al., 2018) . Similarly, previous work in apricot (Hormaza, 2002) , grape (Myles et al., 2011; Riaz et al., 2019) , mango (Kuhn et al., 2019) , pear (Pyrus spp.) (Ferradini et al., 2017) , and walnut (Christopoulos et al., 2010) , among others, have evaluated material in germplasm collections to determine or verify plant pedigrees. Access to genetic information from diverse germplasm collections is a valuable resource for validation and reconstruction of plant pedigrees.
The increasing availability of genetic information for germplasm collections has facilitated a broader understanding of evolutionary relationships and origins of domesticated species through phylogeny reconstruction and population genomics. The USDA Vitis collections have been used to identify evolutionary relationships among North American Vitis species (Miller et al., 2013; Klein et al., 2018) , and Citrus collections in the United States, Italy, and China have been used to clarify relationships among major groups like lemons, limes, and oranges (Fang et al., 1998; Nicolosi et al., 2000) . Genetic data from wild and domesticated accessions can be used to help identify hybrids, both within the collection as well as those planted commercially (Sawler et al., 2013; Migicovsky et al., 2016b) . Ultimately, this work can improve understanding of perennial plant domestication, as evidenced by work in grape (Myles et al., 2011; Zhou et al., 2017) , peach and almond (Velasco et al., 2016) , and mango (Warschefsky and von Wettberg, 2019) . Clarifying the evolutionary history of woody perennial species can offer important information for breeding programs and inform which species, cultivars, and landraces need better representation in germplasm collections. The combination of diverse germplasm collections and genomics is facilitating important research that furthers our understanding of plant systematics and evolution.
APPLICATIONS OF LIVING GERMPLASM COLLECTIONS IN BREEDING
Having diverse plant material centralized in one or a few sites is of particular use to breeding programs, many of which rely heavily on germplasm collections for new material. Germplasm from the USDA collections is freely available, and as a result, >15,000 fruit and nut accessions are distributed annually, benefiting plant breeding worldwide (Postman et al., 2006) . For example, the USDA pear collection in Oregon contains >2000 accessions and serves as a source of resistance to fire blight [Erwinia amylovora (Burrill) Winslow], a serious disease in pear and a critical target for breeding programs (Postman, 2008) . In New Zealand, many kiwifruit cultivars released by HortResearch (now merged into Plant & Food Research) are based on material originally introduced to improve their germplasm collection (Ferguson, 2007) . Therefore, not only does the maintenance of diverse plant material have conservation benefits, but it also enables plant breeders to draw from germplasm they may otherwise not have access to, ultimately enabling plant improvement and the commercial release of new cultivars.
Germplasm collections are also important resources for developing alternative agriculture crops in agroforestry models. For example, hazelnuts (Corylus spp.) are one of many tree crops that can be integrated into agroforestry models. Current breeding efforts are making use of American and European hazelnut germplasm collections in accelerating the introgression of commercially important traits such as climatic tolerance, disease resistance, and improved nut quality to expand the viability of this crop (Revord et al., 2019) . Thus, living germplasm collections represent a crucial source of diversity used by breeders to improve perennial crops.
While germplasm collections are a valuable resource for the plant breeding, many woody perennial crops are grown grafted onto rootstocks (Warschefsky et al., 2016) .
If plants are grafted to well-adapted rootstocks, they have a much better chance of survival, especially in the presence of pests and pathogens. Grafting plants to widely used rootstocks ensures they can be accurately compared with those grown commercially, but means it is no longer possible to assess their roots. However, material that is promising for rootstock breeding, such as wild relatives, are generally planted ungrafted. For example, researchers at the USDA repository in Davis, CA, are currently using Prunus and walnut wild relatives from the collection to develop improved rootstocks (Aradhya et al., 2015) . Therefore, it is generally possible for curators of germplasm collections to balance grafting accessions that require it with the inclusion of additional ungrafted accessions, or species, that may be useful for rootstock evaluation and breeding.
In addition to serving as the raw material for plant breeders, living germplasm collections aid geneticists in accelerating the breeding process for perennial plants. Due to their extended juvenile phases, perennial crops and their wild relatives are particularly well suited to genomicsassisted breeding. Using genomics-assisted breeding, progeny with desirable genetic profiles can be selected at the seedling stage without needing to incur the large costs and excessive time required to grow the plants to maturity (McClure et al., 2014; Migicovsky and Myles, 2017) . Germplasm collections can be used for genetic mapping using genome-wide association studies (GWAS). A genomewide association study requires a diverse population; the more diversity and thus recombination events captured, the higher the genetic mapping resolution. Once the population is phenotyped, this information is combined with genome-wide markers, generally SNPs, to identify markers correlated with a trait of interest. The genomic diversity held in germplasm collections is ideally suited to GWAS, and thus high-resolution genetic mapping.
A breeder's first step when selecting potential parents for crosses is exactly the same as the first step of GWASaccessions must be phenotyped for a trait of interest. Therefore, the benefit of phenotyping woody perennial germplasm collections is twofold-the phenotype data can be considered when selecting potential parents for use in breeding, but it can also be linked with genotype data to identify genetic markers using GWAS. As a result, after making crosses using the phenotyped parents, a breeder can immediately use genetic markers associated with a trait of interest to screen progeny using marker-assisted selection, accelerating the breeding process.
Many germplasm collections have extensive data already available for living accessions that only need to be genotyped, eliminating or reducing the laborious phenotyping step. Indeed, historical phenotype data from germplasm collections have been successfully linked with newly genotyped genetic markers for GWAS, allowing researchers to immediately uncover novel candidate genes.
For example, 36 historical phenotypes from the USDA apple collection in Geneva, NY, were successfully "reused" for GWAS (Migicovsky et al., 2016a) . This study first reported the potential of NAC18.1 as a genetic marker for apple harvest date and fruit firmness, and its involvement in fruit ripening was recently validated (Migicovsky et al., 2016a; Yeats et al., 2019) . Similarly, work examining the USDA grapevine collection and Danish apple collection (Larsen et al., 2019) made use of historical and newly collected phenotype data for GWAS. Although historical phenotype data are valuable, they may be incomplete or include qualitative, imprecise data that are less useful for GWAS studies. Thus, the continued collection of new and diverse phenotype data is beneficial for GWAS, as indicated by recent studies including work examining a Chinese peach collection , French apricot collection (Mariette et al., 2016) , and Spanish almond collection (Forcada et al., 2015) , among others.
The many examples of successful genetic mapping using existing germplasm collections emphasize the potential of GWAS for identifying markers for genomicsassisted breeding. In slow-growing perennial crops, the ability to make use of diverse populations already in the ground and producing fruit for phenotyping is evident. Although the use of existing germplasm collections is the clear first step for genetic characterization of perennial species, it will not be sufficient to fully exploit the potential of these perennial crops. Future efforts should target expanded collection of a broad diversity of genotypes from across a wide geographic range, complete with detailed passport information. Further, planting new populations in a robust statistical design intended for use GWAS is essential for ensuring their value for genetic mapping.
Germplasm collections were not originally intended for GWAS, and although it is possible to leverage them for genetic mapping, many confounding variables may exist. Most living collections are not designed experimentally; often plants are different ages, may be grown ungrafted or grafted to different rootstocks, and are not planted with statistical analysis in mind. Some efforts have been made to address these shortcomings-for example, by leveraging multiple germplasm collections simultaneously for genetic mapping. One study examined >1000 apple accessions from six European germplasm collections (France, United Kingdom, Belgium, Italy, and Czech Republic) for flowering and ripening (Urrestarazu et al., 2017) . Similarly, >700 peach accessions from four European (France, Spain, and two Italian) germplasm collections and one Chinese germplasm collection were phenotyped for seven traits (Micheletti et al., 2015) . The inclusion of phenotype data from accessions evaluated at multiple locations is one mechanism for untangling environmental effects from genetic effects.
Although replication of germplasm collections across multiple locations is desirable for both GWAS and preservation, it is often not financially feasible. There is increasing interest in making use of "core" collections for this purpose, which select a subset of individuals that capture a relatively large proportion of overall diversity in a population or species (Frankel and Brown, 1984) . The use of a core collection may decrease the cost and improve access to certain material, but by reducing diversity (morphological, genomic, or geographical), core collections face several limitations ( Jansky et al., 2015; Byrne et al., 2018) . In particular, the implications for genetic mapping are that by emphasizing genomic diversity, many rare alleles of interest will be at a very low frequency within the collection and therefore lack the statistical power for GWAS (Byrne et al., 2018) . Successful, high-resolution genetic mapping, especially for polygenic traits where the effect of any single locus may be small, requires a large, diverse population and statistically robust experimental design. For example, the ABC orchard in Kentville, NS, Canada, replicates much of the USDA domesticated apple collection. However, in contrast with the USDA, trees are the same age, grafted to the same rootstock, and planted in an incomplete block design with three control trees replicated throughout . The ABC provides a potential framework to inspire future germplasm collections, which will amplify their use for GWAS. Thus far, living germplasm collections have served as an incredible resource, providing raw material for plant breeding and enabling genetic mapping, and continuation of these benefits relies on the maintenance and protection of large, living collections of woody perennials.
CONSERVATION STATUS OF WOODY PERENNIAL CROPS AND THEIR WILD RELATIVES
Despite their importance to food security and the global economy, and the central role of living collections in perennial crop improvement programs, woody perennial crops remain widely underrepresented in conservation efforts. Crop wild relatives and genetic resources have been targeted for conservation through a number of initiatives, including the Convention for Biological Diversity's Aichi Biodiversity Targets (CBD, Target 13, https://www.cbd. int/sp/targets/) and the subsequent Global Strategy for Plant Conservation (GSPC, Objective II Target 9, http:// www.plants2020.net/target-9), which aims to conserve 70% of crop genetic diversity by 2020 (Wyse Jackson and Kennedy, 2009) . A global inventory of plant germplasm and genetic resources of crop gene pools categorized 12 of the 13 surveyed tree crops as high priority for conservation and collecting (Castañeda-Álvarez et al., 2016) . The Global Crop Diversity Trust (Crop Trust)'s crop wild relatives project has made admirable progress in promoting and facilitating conservation of plant genetic resources; however, only one of the initial 29 priority species is a woody perennial crop (apple) (https://www. cwrdiversity.org/project/). Furthermore, although the FAO's Global Plan of Action for Plant Genetic Resources for Food and Agriculture includes an international treaty intended to facilitate the exchange of plant genetic resources, only five of the 35 food crops covered by this treaty are woody perennials (breadfruit, apple, citrus, coconut [Cocos nucifera L.] , and pigeon pea [Cajanus cajan (L.) Millsp.]; http://www.fao.org/3/i0510e/i0510e.pdf ), making the logistics of germplasm exchange complicated for many woody perennial crops.
Globally, an estimated 10% of tree species are threatened with extinction (Oldfield et al., 1998) ; for tropical species, this number is estimated to be vastly higher, from 36 to 57% of species (ter Steege et al., 2015) . In the case of conservation programs specifically targeting trees, such as the Global Trees Campaign (www.globaltrees.org) and the International Conifer Conservation Programme (Garndner, 2003) , rare species and evolutionarily distinct taxa are typically prioritized (Oldfield, 2009) . Although woody perennial crop wild relatives seemingly fit well into the field of agroforestry, the connection is not always made-indeed, the World Agroforestry Centre's tree genetic resources strategy discusses neo-domestication and improvement of forest trees but fails to mention the invaluable genetic resource tree crop wild relatives represent (World Agroforestry Centre, 2013). Woody perennial crop wild relatives face the same risks from climate change and habitat loss as other species, but little information is available on their conservation status. In Jordan alone, wild relatives of six major tree crops are present (almond, apple, cherry, olive, pear, and pistachio), yet their distribution in the wild and ex situ conservation status are poorly known (Commission on Genetic Resources for Food and Agriculture, 2014). To protect the genetic resources of woody perennial species, taxonomic and conservation assessments are required, particularly for tropical species (Commission on Genetic Resources for Food and Agriculture, 2010; Corlett, 2016) .
EX SITU CONSERVATION OF WOODY PERENNIAL GENETIC RESOURCES
In addition to the continued maintenance and replication of existing germplasm collections, there are notable gaps that must be addressed. Ex situ conservation requires a balance of principles and practicalities, and although this is no different in the case of woody perennials, the biology of these species presents unique challenges to ex situ conservation efforts that necessitate specific conservation measures (Oldfield, 2009; Cavender et al., 2015) . Many woody perennial germplasm collections exist, but the vast majority of these were not designed in a systematic manner. Below, we draw on literature from conservation of woody perennials, including trees, and plant genetic resource communities to discuss the challenges and best practices for ex situ conservation of woody perennial genetic resources.
Building Genetically Diverse and Broadly Useful Collections
Most woody perennials are large, long-lived species that require a long-term investment of space and maintenance for ex situ conservation. Therefore, one of the major considerations in collections of these species is the maximization of genetic returns on collection and conservation effort (Cavender et al., 2015) . Given the resources required to maintain living germplasm collections, we propose that they are best designed to be multipurpose collections that effectively conserve biodiversity, as well as support basic research and plant breeding. Although genetic diversity can be efficiently conserved where trees are closely planted and heavily pruned to maintain small stature, such collections are likely not of use for phenotypic data collection that is crucial to using these germplasm resources for breeding programs. On the other hand, early collections emphasized the preservation of phenotypic diversity without taking into consideration genetic diversity (Oldfield, 2009; Cavender et al., 2015) . Core collections, while potentially not suitable for GWAS (Byrne et al., 2018) , offer an intermediate solution and have been recommended and designed for some perennial species (Commission on Genetic Resources for Food and Agriculture, 2010, 2012), including olive (Belaj et al., 2012) , fig (Balas et al., 2014) , and cherimoya (Annona cherimola Mill.) (Escribano et al., 2008) .
Recent work by Hoban et al. (Hoban and Schlarbaum, 2014; Hoban et al., 2018) improves on previous recommendations for gathering diverse collections for ex situ conservation, demonstrating that simulations using species-specific information such as population structure can be used to optimize collection efforts and greatly reduce the number of collections required to conserve allelic diversity. In particular, in order to capture genetic diversity, extensive sampling of wild relatives across a broad geographic range is essential because species may be locally adapted to different environmental conditions and diseases (Revord et al., 2019) .
Maintaining Living Collections
Most woody perennial crops are highly heterozygous and therefore do not breed true. Furthermore, many produce recalcitrant seeds that cannot be stored long term. Therefore, the majority of woody perennial crops are maintained in living collections of clonal material, which provides benefits and challenges. Clonal propagation of material allows for the easy replication of collections across geographic sites, a noteworthy standard of living germplasm collections as outlined by the FAO (2016). However, clonal reproduction also complicates germplasm curation, facilitating the mislabeling of individuals as homonyms or synonyms and hindering both conservation and utilization of these important genetic resources (Guzzon and Ardenghi, 2018) . To reduce unnecessary duplicates and mislabeled individuals within and between collections, careful curation that integrates phenotypic and genetic information, as described above, is required for perennial crop collections.
Complementary Conservation Measures
Although the primary focus of this work is to discuss the utility of living genebanks, successful conservation of a broad range of perennial species depends on an approach that integrates living collections with other methods of preservation, such as cryopreservation, as well as in situ and farmer-based (i.e., circa situm, as described by Dawson et al., 2013) programs. Recalcitrance is a complex trait that shows variation among species within genera, and it can be difficult, though sometimes possible, to predict which species are recalcitrant (Daws et al., 2006; Li and Pritchard, 2009; Walters et al., 2013; Pritchard et al., 2014) . For example, species within the crop genera Coffea and Citrus have shown variation in recalcitrance (Hong and Ellis, 1996) .
In contrast with living collections, long-term storage using tissue culture requires less space and may allow a plant to avoid exposure to pests and pathogens. Although micropropagation is used for nursery production of several woody perennials (Zimmerman, 1991) , tissue culture is not widely used for in vitro conservation of these species. However, there have been efforts to evaluate the potential of tissue culture for long-term storage of woody perennials. For example, work examining plum found a species-dependent effect on survival, and in the case of Prunus domestica L., a genotype-dependent effect as well (Gianní and Sottile, 2015) . The USDA collection in Corvallis, OR, includes >1500 blackberry and raspberry (Rubus spp.) clones and seeds, with ?200 accessions backed up in vitro tissue culture (Reed et al., 2005) . Similarly, ?10% of the USDA hazelnut collection in Corvallis, OR, is preserved using tissue culture (Hummer et al., 2015) . Considerations when using tissue culture include the potential for contamination, whether the plant will survive using this method, and the inability to visually assess the full plant throughout propagation, increasing the opportunity for drift from the initial accession. For example, tissue culture propagation had a significant effect on morphology and antioxidant metabolites in lowbush blueberry (Vaccinium angustifolium Ait.) compared with the use of cuttings, although the researchers did not identify any genetic changes in the 20 SSRs assessed (Goyali et al., 2015) . Although not a replacement, in vitro tissue culture is one tool that may be used to supplement living collections by providing backups of plants in the ground.
An alternative approach to long-term preservation is cryopreservation of dormant buds and in vitro shoot tips (Wang et al., 2018; Bettoni et al., 2019) . Although cryopreservation is more costly than traditional cold storage techniques and requires species-specific optimization of protocols, long-term storage costs for cryopreservation are estimated to be one quarter of that for maintenance in living germplasm collections (Keller et al., 2008) . Progress in understanding the best practices for cryopreservation of a number of different economically important species, including apple, grape, and citrus, is now underway ( Jenderek and Reed, 2017; Wang et al., 2018; Bettoni et al., 2019; Normah et al., 2019) .
In the past decade, the conservation community has moved away from the traditional dichotomy of in situ and ex situ conservation, recognizing that this divide is becoming increasingly antiquated and can hinder rather than promote conservation goals (Pritchard et al., 2012 (Pritchard et al., , 2014 Braverman, 2014) . Therefore, conservation efforts for many species, including crop wild relatives, have shifted toward integrating ex situ, in situ, and circa situm methods into a cohesive conservation plan. Botanic gardens have been important drivers of the shift to integrated conservation of plant species, developing program performance assessments and supporting habitat management (Havens et al., 2006; Pritchard et al., 2012) . The integrated conservation programs already established at many gardens can be applied to woody perennial crops, and gardens should take particular interest in important but lesser-known crops that serve both the purpose of showcasing plant diversity while simultaneously contributing to food security.
Although gardens and arboreta have made strides in integrated conservation, difficulty quantifying the contribution of woody perennial crops to food security and the global economy has led to underappreciation of their plant genetic resources (Dawson et al., 2014) . A major obstacle in the conservation of woody perennial genetic resources is the dissonance between countries of primary commercial production and consumption and those where genetic resources are located. For example, although the center of diversity of cacao (Theobroma cacao L.) is located in Central and South America, the majority of the world's cacao production occurs in South America, West Africa, and Indonesia, and most chocolate is produced and consumed in North America and Europe (Commission on Genetic Resources for Food and Agriculture, 2010). In such cases, there may be little incentive for regions with large amounts of genetic resources to conserve them. Efforts to estimate the monetary value of woody perennial genetic resources, such as that done for coffee (Hein and Gatzweiler, 2006) , should be undertaken to demonstrate the importance of conserving these invaluable resources.
Many wild relatives are at increasing risk of disappearing due to habitat destruction and climate change, emphasizing the urgency of integrated ex situ and in situ conservation of these important resources (Maxted et al., 2012) . In particular, in situ collections are a valuable resource because plants in natural populations continue to evolve in response to changing environmental conditions including pests, pathogens, and climate change. However, continued collection of plants from in situ sites for use in ex situ collections must be balanced with ensuring that farmers and local communities are appropriately compensated and credited for their plant genetic resources, which often have a financial value in the context of breeding (Montenegro, 2016) .
Beyond traditional in situ and ex situ conservation methods, small-scale farming plays an important role in crop conservation. The majority of woody perennial crops can most accurately be treated as landraces, which are not highly domesticated but are unable to maintain their agricultural forms in the wild and therefore require human cultivation to persist (Brush, 1991) . As such, circa situm, farmer-based conservation approaches are particularly valuable for these crops. Often, woody perennial crops and their wild relatives are planted or left as remnants in landscapes that are otherwise cleared for agriculture (Dawson et al., 2013) . For example, surveys of wild relatives of mango in Southeast Asia found many individuals surviving as lone trees in a field (Ueda et al., 2011) . Farmer-based conservation provides a mechanism for preserving traits that may not be of immediate interest in the commercial market (Brush, 1991) and conserving diversity across the landscape. One interesting case of circa situm conservation is that of the traditional polymotu (many islands) technique of coconut cultivation, where distinct cultivars are maintained on different islands, which was recently reintroduced in Polynesia (Bourdeix et al., 2011) . A primary concern with farmer-based conservation is that although species richness can be high in agroforestry systems, this form of conservation is only successful for the few species that are maintained at relatively high densities (Dawson et al., 2013) . Furthermore, species diversity may also be lost over time, as individuals die and more commercial cultivars replace them, though evidence indicates that landrace and elite cultivars are often cultivated side by side, at least for a period of time (Brush, 1991) . Nevertheless, in cases where the maintenance of full germplasm collections may be too costly, such as for locally and regionally important species, circa situm conservation provides a critical method of maintaining crop diversity (Brush, 1991; Dawson et al., 2013) . Given their value for woody perennial crop conservation, farmer-based conservation approaches deserve greater attention and support from the agricultural and plant conservation communities.
BUILDING A GLOBAL NETWORK FOR CONSERVATION OF WOODY PERENNIALS
Living germplasm collections serve as a fundamental resource for broadening our understanding of both genomics and plant biology (Fig. 3) . Genetic characterization of diverse material advances the fields of systematics and evolution and can enable genetic mapping when paired with phenotype data. The discovery of genetic markers associated with a trait of interest and the adoption of genomics-assisted breeding will reduce the time and money required to breed new cultivars with desirable traits. In particular, as the sustainability of current commercial woody perennial cultivars comes under greater pressure due to climate change, the diversity found in germplasm collections will become increasingly valuable for breeding. Thus, the value of living germplasm collections for understanding and improvement of woody perennials is clear, but continuation of this work is not attainable without a unified global effort.
The conservation of woody perennial genetic resources aligns with the interests of many existing conservation efforts (CBD and GSPC) and agencies (arboreta, botanic gardens, and genebanks) and overlaps with multiple fields (forestry, agroforestry, agriculture, horticulture, and botany), which should join together to prioritize the collection and conservation of woody perennial genetic resources. The need is especially great in tropical Fig. 3 . Three primary benefits of woody perennials in living germplasm collections are phenotyping, genotyping, and crop improvement. These collections also serve as an essential resource for conservation. countries, where diversity of woody perennial species and woody perennial crop usage is high, conservation resources are limited, and trees represent an important component of food security and development goals (Dawson et al., 2014) . Therefore, it is also important that agencies, particularly botanic gardens and arboreta, reach across geographic boundaries to build partnerships aimed at capacity building in tropical and subtropical regions that can provide ex situ conservation sites for tropical tree crops (Oldfield, 2009 ). In addition to their importance as germplasm resources, tree crops and their wild relatives can serve as relatable, flagship species to emphasize the plight of trees and forests worldwide (Oldfield, 2009) .
Living germplasm collections contain diverse plant genetic resources, which are essential to fundamental research in plant biology, crop improvement, and conservation. Throughout this review, we have outlined examples of the many opportunities woody perennial collections provide. To unlock the potential held within these collections, continued phenotyping, genotyping, and preservation is required. Ultimately, living germplasm collections should not simply be viewed as tools for conservation, but as resources with unique benefits that hold immense value for sustaining the future of woody perennial crops and their wild relatives.
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